Northeastern U.S. (New York, Pennsylvania, and New England states) dairy farmers are increasingly interested in improving soil health, nutrient sequestration, and dry matter production. Consequently, farmers ask about managing winter cover crops (WCCs) in corn silage (Zea mays L.) rotations. In this literature review we identify WCCs most suitable to the Northeast, and summarize studies on (i) fall and spring N accumulation, (ii) nitrogen fertilizer replacement value (NFRV) for the next corn crop, and (3) environmental and management variables that aff ect N uptake and NFRV. We also discuss the literature on use of WCCs as forage commodity crops. Overwintering species most suitable for corn silage rotations are wheat (Triticum aestivum L.), cereal rye (Secale cereale L.) and triticale (X Triticosecale Wittm.). Clover (Trifolium spp.) and vetch (Vicia spp.) can add N but require inter-seeding in the Northeast. Th e NFRV for vetch typically exceeds that of clover, while the NFRVs of winter cereals tend to be low or negative. A few studies suggest cover crop termination with herbicides compared to tillage incorporation can, when no fertilizer N or manure is added, result in slower decomposition and more gradual N release. Research on the eff ects of tillage on NFRVs of cover crops is inconclusive. When seeded aft er corn silage, cereal rye is most eff ective in N uptake in fall and spring. A corn rotation that includes cereal rye or triticale that can be harvested has the potential to reduce soil erosion, capture residual N, increase annual forage yields, and provide quality forage.
Minimal crop residue remains aft er corn silage harvest, leaving soils prone to erosion. For this reason, the Natural Resources Conservation Service (NRCS) has long recommended the use of WCCs following corn silage harvest (USDA-NRCS, 1996) . Over the past 25 yr, it was realized that WCCs can also play a role in recovering and retaining residual N present in the soil profi le following corn harvest (Doran and Smith, 1991; Meisinger et al., 1991; Staver and Brinsfi eld, 1998) and aid in manure management on dairy farms (Ketterings et al., 2003) . However, N uptake potentials (fall and spring) and NFRVs (commonly referred to as "cover crop N credits") of various WCCs are not well understood.
A typical corn silage rotation on dairy farms in the Northeast includes 3 to 4 yr of corn silage followed by 3 to 4 yr of alfalfa (Medicago sativa L.), grass or alfalfa-grass mixtures although some dairy producers may substitute oat (Avena sativa L.) or spring barley (Hordeum vulgare L.) for second or third year corn before rotating back to perennial forages. Cash crop producers typically grow corn in a corn-soybean [Glycine max (L.) Merr.] rotation or a corn-soybean-wheat/red clover (Trifolium pratense L.) rotation, where red clover is typically inter-seeded into wheat. A survey of 102 New York dairy farms showed that, on average, manure was applied to 61% (small farms with less than 200 dairy cows) to more than 80% (farms with 700 cows or more) of their tillable hectares (Cela et al., 2014) , targeting corn fi elds, grass, and third or fourth year alfalfa fi elds with manure applications. Th us, manure is the primary fertility source for corn on Northeast dairy farms. Currently, Land Grant University guidelines for corn silage rotations in the Northeast do not recognize the NFRV of WCCs, although in Pennsylvania the NFRV increases if manure is applied in fall or winter to a grass or cereal WCC (Beegle, 2013) .
Th e objectives of this review and analysis of the literature were to identify cover crop species most suitable for use as WCCs in corn silage cropping systems on dairies in the northeastern United States (Section Cover Crops Suitable for the Northeast) and to summarize climatically relevant studies on fall and spring N accumulation by WCCs (Section Fall and Spring Nitrogen Accumulation), the NFRV of WCCs for the next corn crop, and environmental and management variables that aff ect NFRV and N uptake (Section Nitrogen Fertilizer Replacement Value) . In addition, we discuss regionally relevant on Northeast dairies, legume cover crops are seldom seeded although they could be considered if inter-seeded into standing corn.
Corn silage harvest typically occurs in September, so the winter cereals are particularly well suited to corn silage production systems in the region. However, cold tolerance of winter cereals varies somewhat among species, thereby affecting the planting date range as well. Generally, in the Northeast barley should be planted by 15 October, wheat and triticale by 1 November, and cereal rye by 15 November (Table 1) . Varietal selection is also critical, especially for winter survival of barley as pointed out in a Pennsylvania study (Plant Hardiness Zone 6) by Duiker (2014) .
Preference for winter cereals as a cover crop in corn silage rotations was clearly illustrated by results of a recent survey of New York dairy farmers: 88% of the farmers who grew cover crops planted either cereal rye (63%) or wheat (25%) (Long et al., 2013a) . In the past 2 to 3 yr triticale has gained popularity as a cover crop that can be seeded after corn silage harvest and harvested as a forage commodity cover crop (high quality forage) in the following spring, before planting of the next corn crop . Mixtures of legumes and winter cereals are not commonly used by dairy farms in the colder zones of the Northeast due to limited growth of the legume when seeded after corn silage harvest. In addition, manure is applied to 60% or more of all tillable acres on dairy farms (Cela et al., 2014) , reducing the need for external N inputs.
fall and sPring nitrogen accuMulation High levels of residual N following corn can occur due to limited crop uptake of fertilizer N in dry summers, inadequate accounting for manure N when calculating crop N needs, poor timing of N application with respect to crop uptake, and/or fall mineralization of soil organic matter, manure, and crop residues (Meisinger et al., 1991; Staver and Brinsfield, 1998) . Winter cover crops can reduce N leaching losses (Doran and Smith, 1991; Meisinger et al., 1991; Snapp et al., 2005) , but the amount of residual N taken up by cover crops will depend on cover crop species, planting date, fall and spring weather patterns and corresponding crop growth, and tillage.
In a meta-analysis of data in the literature using 31 studies, including nine studies in northern states and Ontario, Canada, Tonitto et al. (2006) found a 70% overall reduction in nitrate leaching under non-legume cover crops relative to bare fallow systems. Though a limited sample size, the comparison between rotations that included a legume cover crop vs. bare fallow showed a 40% reduction in nitrate leaching with legume cover crops.
Winter cover crops can influence nitrate leaching, not just by removing N from the soil profile, but also by influencing the water budget (Meisinger et al., 1991) . Water use by the WCCs can reduce water availability for leaching and thus reduce the depth of nitrate movement, perhaps sufficiently to retain it in the root zone for uptake by the cover crop or the following corn crop. On the other hand, WCCs also tend to reduce runoff and increase infiltration under high-intensity rainfall events, thus potentially increasing the likelihood of leaching in some circumstances. Also, winter cover crops can reduce water availability for the subsequent corn crop in dry springs, thereby exacerbating dry conditions if drought ensues into the early summer period (Eckert, 1988; Munawar et al., 1990; Meisinger et al., 1991) . In a humid region where leaching typically starts in late fall, a WCC must establish quickly and grow vigorously. A WCC with little fall growth cannot effectively impact the water budget and soil nitrate levels in the relatively short period between primary crop harvest and first frost (Meisinger et al., 1991) . On heavier soils leaching might be less rapid and N might be available over a longer period in the fall. This could be expected to vary year-to-year depending on rainfall and soil depth to groundwater. Additional field studies, conducted under Northeast climates, are required to quantify the relationship between soil texture, depth to water table, rainfall distribution, and proportion of soil nitrate captured.
Timing of seeding of the cover crop greatly impacts the cover crop's ability to accumulate N. The limited data available on N accumulation by legumes before the winter period include 59 kg N ha -1 N accumulation for hairy vetch grown in Pennsylvania in 1990-1991 (seeded after wheat harvest in late July and early August) (Dou et al., 1995) , a fall N content of 44 to 98 kg N ha -1 for medium red clover seeded into wheat in March in Ontario, Canada (Vyn et al., 2000) , and 118 kg N ha -1 for red clover seeded mid-April in standing wheat in Pennsylvania (Dou and Fox, 1994) (Table 2) . Due to N fixation by legumes, the amount of nitrate absorbed from the soil in these studies is likely less than the values measured, further supporting the choice of cereals as WCC if nitrate management is a primary goal of the producer, especially when seeding cannot be done until after corn silage harvest.
An assessment for single-species cover crops and mixtures seeded after small grain harvest (seeding between 8 and 24 August in 2010 and 2011) on five western New York farms showed similarly large N uptake values as reported for the Pennsylvania and Ontario studies, averaging 138 kg N ha -1 of fall N accumulation with a range from a little over 50 kg N ha -1 for various legume-containing mixtures seeded 24 August to almost 190 kg N ha -1 for radish (Raphanus sativus L. var. longipinnatus) seeded on 12 Aug. 2011 (Ort et al., 2013b) . In all four studies, the WCC was either inter-seeded into standing wheat or seeded in August directly after spring wheat harvest.
In contrast to N uptake values of WCCs seeded in August, fall N uptake of winter cereals seeded after corn silage harvest in September or October averaged 27 kg N ha -1 for triticale (9 fields) and wheat (18 fields), while cereal rye (18 fields) averaged 32 kg N ha -1 (Ort et al., 2013a) , similar to the cereal rye total N uptake of 8 to 34 kg N ha -1 reported by Andraski and Bundy (2005) and Bundy and Andraski (2005) for September seedings in Wisconsin (Table 2) . These results were consistent with the 23 to 34 kg N ha -1 N uptake range for triticale and a mixture of oat and cereal rye on a dairy farm in western New York (Ketterings et al., 2011; Long et al., 2013b) .
Fall N accumulation by cereal rye and other small grain WCCs can be affected by crop residue biomass and their N content, as well as residual soil N levels at the time of seeding of the WCC, especially when seeding is done in September rather than October and end-of-season nitrate levels are modest. For example, a Wisconsin study found that cereal rye yields and total N uptake were consistently correlated with the N content of the crop residues present at the time of rye seeding . However, as N uptake in the fall by WCC seeded after corn silage harvest in the Northeast is typically limited to no more than 30 kg N ha -1 , N is unlikely to be growth limiting for such WCCs, especially on dairy farms where fall N mineralization from manure and soil organic matter can contribute to greater N availability for the WCC. Further studies are needed to specifically evaluate and quantify the impact of seeding date on fall growth and N uptake with and without addition of manure.
Spring N pools vary widely from site to site and species to species. In the studies summarized in Table 2 , N accumulation in the spring by hairy vetch ranged from 8 to 198 kg N ha -1 . In three studies conducted in Pennsylvania, values exceeded 100 kg N ha -1 , compared to only 8 to 32 kg N ha -1 in a study in New York, possibly reflecting, among others, the July and August planting dates in Pennsylvania vs. October harvest of the corn crop and WCC seeding in the New York studies (Table 2) .
Differences in N pools were, in general, consistent with the range in fall seeding dates and spring assessment dates, with greater N accumulation for earlier fall seeding dates and later spring termination dates of the WCCs. Nitrogen accumulation by cereal rye, wheat, and triticale at the typical termination time for winter cover crops in corn silage rotations in the Northeast (early May) ranged from 6 to 29 kg N ha -1 , also considerably less than with earlier planting dates and later termination dates in the spring (Table 2) . Ort et al. (2014) reported an average total N accumulation (roots and shoots) of 50 kg N ha -1 for cereal rye and just over 40 kg N ha -1 for wheat with spring termination dates from mid-March to midApril, dates typical for dairy corn rotations in New York.
Mixtures of WCCs can vary in spring N accumulation as well. The total N content in the spring at the time of termination of mixed legume-cereal bicultures, as reported by Scott et al. (1987) , ranged from 57 kg N ha -1 for a vetch and cereal rye mixture seeded after corn silage harvest, to 77 kg N ha -1 for a mixture of medium red clover and cereal rye inter-seeded at corn side-dressing time ( Table 2) .
The majority of studies on N uptake and the impact of WCCs on soil nitrate levels and concentrations in ground water focused on winter cereals, especially cereal rye, and most studies were conducted in warmer climate zones. In a 3-yr assessment of N leaching with a cereal rye cover crop following soybean in a soybean-corn rotation in Nebraska (Kessavalou and Walters, 1999) , the authors noted a significant reduction in total residual soil nitrate N (1.5 m soil profile depth) at the end of the first week of May in 2 out of 3 yr, immediately following harvest of a winter rye cover crop as compared with a no-rye rotation. Little difference was found between cereal rye and no-rye systems during a cold spring that resulted in poor cereal rye DM production. The low residual soil NO 3 -N was mainly attributed to N uptake by the cereal rye (42-48 kg N ha -1 ), corresponding with 60 to 95% of the differences in total residual soil NO 3 -N between the cereal rye and no-rye rotations (Kessavalou and Walters, 1999) .
nitrogen fertiliZer rePlaceMent Value
Differences in N needs for corn after a WCC can be attributed to N rotation effects (total N supply and N release dynamics) as well as cover crop-induced changes in other factors that enhance crop growth (non-N rotation effects) as discussed for soybean-corn rotations in Swink et al. (2007) . The two methods most commonly used to determine NFRVs of WCCs are (i) the "traditional" method, and (ii) the "difference" method (Lory et al., 1995; Shrader et al., 1966; Smith et al., 1987) . The traditional method calculates the NFRV as the fertilizer N application required for continuous corn to obtain a yield equal to that of corn after a WCC with no fertilizer N applied to the corn crop. In the difference method, fertilizer N response curves with multiple N rates must be evaluated for corn following WCC as well. The difference method understandably will result in more reliable NFRV estimates than the traditional method. However, almost all studies with relevance to the Northeast used the traditional method to determine NFRVs.
legumes
In a 2-yr study in Pennsylvania, Dou and Fox (1994) reported that, on average, 82% of the estimated total N contribution of a hairy vetch or clover WCC was available to the immediate subsequent corn crop, while carryover of N from the legume cover crop into Year 2 was limited to only small amounts. Similar results were obtained by Craig (1987) . Although additional research is needed, these studies suggest that NFRVs of cover crops are limited to the first year of corn only.
In most studies summarized in Table 3 , legume WCCs had a positive effect on yield and N supply to the following corn crop. The NFRVs for legume winter cover crops ranged from 0 to 235 kg N ha -1 across a variety of environments and crop management systems with most sites showing NFRVs between 50 and 100 kg N ha -1 .
That legume cover crops have positive NFRVs for corn is not surprising given legume cover crops usually have C/N ratios <20, resulting in rapid N mineralization following termination (Doran and Smith, 1991; Dabney et al., 2001) . However, N accumulation in the cover crop, its NFRV, and subsequent corn yields are not necessarily well-correlated (Stute and Posner, 1995b; Hesterman et al., 1986; Bruulsema and Christie, 1987) . Stute and Posner (1995b) reported that analysis of whole-plant N uptake, measured at physiological maturity for different legume treatments, indicated that corn grain yield following more productive legumes was influenced by the N contribution of the legumes, while non-N rotation effects were responsible for positive yield effects with the lower N accumulating legumes.
Timing of N release could impact NFRVs of the various legume cover crops, although work by Stute and Posner (1995a) showed nearly identical N release patterns for hairy vetch and red clover. In their study with buried mesh bags in Wisconsin, 50% of the organic N was released from the legume residues within 4 wk of burial with little N release beyond 10 wk for both species in both years of the study, despite very different growing season conditions. The authors concluded that the buffering effect of the soil environment minimized the effect of different climatic conditions, resulting in similar N release patterns for both hairy vetch and red clover residues.
Several studies note a regional, mostly climate-determined, difference in NFRVs of legumes for corn. Doran and Smith (1991) reported N accumulation values from the literature of 67 to 170 kg ha -1 for legume WCCs in the humid temperate environments of the eastern and southeastern regions of the United States as compared with only 34 to 45 kg ha -1 in Iowa and Nebraska.
These Table 3 . Although severe drought will negate responses to both fertilizer N and cover crop mineralization , it should be noted that WCCs can deplete soil water in the profile while actively growing but also conserve moisture if the residues, post termination, are left on the soil surface (Clark et al., 2007b; Holderbaum et al., 1990) . Three other management decisions that could impact the NFRV of cover crops are (i) the time of cover crop establishment, (ii) time of turnover/termination vs. time of corn planting, and (iii) tillage system. The impact of these management decisions will be discussed for hairy vetch and clovers separately in the following sections.
Hairy Vetch. Hairy vetch is the most commonly studied legume WCC and, when planted in August, among the best adapted legumes for the northeastern United States (Mt. Pleasant, 1982) . Although there are few studies that directly compare vetch species, hairy vetch is a reliable N accumulator and a significant contributor of N to the succeeding corn crop (Mt. Pleasant, 1982; Dou et al., 1995) .
The NFRVs reported for hairy vetch in the literature ranged from 17 to 149 kg N ha -1 (Table 3 ). More than half the studies of relevance to the Northeast indicate a NFRV for hairy vetch >78 kg ha -1 while 80% of the studies found NFRVs of approximately 56 kg N ha -1 or more. The highest values reported exceeded 140 kg N ha -1 (Table 3) .
As mentioned above, greater or lower N accumulation does not necessarily imply greater or lower NFRVs, due to weatherimpacted N mineralization dynamics and non-N rotation effects (Stute and Posner, 1995b; Hesterman et al., 1986; Bruulsema and Christie, 1987; Utomo et al., 1990) . This is particularly evident in southern climate studies that suggest NFRVs that might exceed the N content of the vetch cover crop at the time of termination Bollero and Bullock, 1994; Clark et al., 2007a; Ebelhar et al., 1984; Hanson et al., 1993; Holderbaum et al., 1990; Utomo et al., 1990) . Such non-N rotation effects are most often attributed to vetch-induced increases in soil organic matter levels and improved soil physical conditions and water relations (e.g., Utomo et al., 1990; Frye et al., 1985) .
Tillage decisions (conventional tillage [CT] vs. no-till [NT] systems with cover crop termination with herbicides) can impact moisture and N dynamics. For a dry year in New York, Sarrantonio and Scott (1988) hypothesized that the mulching (moisture conservation) effect of the vetch in the NT system enabled higher crop yields, despite lower N release peaks in the 0-to 7.5-cm soil layer. Yet, in a study in Pennsylvania by Dou and Fox (1994) where the CT system resulted in higher yields than NT (and no response to fertilizer N vs. a response to fertilizer N in NT), the authors credited the dry weather with desiccating the NT legume residue, limiting the N mineralization of the residue under NT.
In non-drought years, N dynamics tend to drive final corn yields and NFRVs, although comparisons between NT and CT show great variability in the results. Dou and Fox (1994) calculated an NFRV for vetch at (0 N, traditional method) under NT of 149 kg N ha -1 vs. 103 kg N ha -1 under CT. Sarrantonio and Scott (1988) reported an NFRV of hairy vetch of 52 kg N ha -1 in the CT system vs. 17 kg N ha -1 under NT in the second year (not limited by moisture availability). Treatments and field histories varied among these studies, making it difficult to identify the exact causes of the variable responses within and among various tillage practices.
Tillage will also impact the timing of the N release peak. In field studies by Dou et al. (1995) , early-season nitrate concentrations peaked around 4 wk after the legume WCC was plowed-under. In NT treatments in their study, the nitrate peak occurred 1 to 2 wk later. In field studies by Sarrantonio and Scott (1988) in New York, the first N peak occurred 10 to 14 d after vetch kill for both the NT and CT treatments. However, in the NT treatment, a second peak occurred about 6 wk after vetch kill compared with 7 to 8 wk after vetch kill in the CT.
Another factor that further complicates our ability to predict NFRVs for NT vs. CT is that N losses can occur in both systems: the concentration of inorganic N near the soil surface in the NT system might leave it vulnerable to loss via NH 3 volatilization or denitrification, while inorganic N distributed throughout the plow layer in CT systems might expose nitrate to early season leaching or denitrification losses (Meisinger et al., 2008) .
In addition to tillage management and weather conditions, maturity stage of the WCC at the time of termination can impact the NFRVs of legume cover crops. Dabney et al. (2001) noted in their review that allowing legumes to grow beyond flowering usually does not increase the amount of N available to subsequent crops because of limited N uptake during reproductive growth stages and slower mineralization of the cover crop vegetative biomass and reduced N release from hard seeds.
Clover. The clover species that is most utilized as winter cover crops in northeastern regions is red clover. Red clover is a short-lived perennial that needs to be established early and is usually inter-seeded in a standing crop such as wheat (February-March) or corn (June). Crimson clover is also used as a cover crop but more typically established in July or August after the harvest of wheat, barley, or oat (Table 1 ). Crimson Tiffin and Hesterman (1998) † CT = conventional tillage, NT = no-till. ‡ One year of data only. § Hairy vetch and clover NFRVs for first year of corn and second year of corn after one winter of legume cover crop. ¶ In three of the four hairy vetch years and one of the sweet clover years, the NFRV estimates exceeded the maximum fertilizer rates used in the study (224 kg ha -1 ).
clover typically winterkills in the Northeast and is therefore not recommended as a WCC in the region.
In a series of experiments by Scott et al. (1987) in New York, red clover inter-seeded in corn in mid-June performed better than vetch seeded at the same time or later. Nitrogen accumulation by clover the following spring ranged from 12 to 81 kg N ha -1 in 1981 and 1982 as compared to 8 to 32 kg N ha -1 for hairy vetch in 1981 and 1982. However, in most other studies hairy vetch accumulated more N than clover species despite considerable year-to-year variability (Table 3) . For most studies that included a direct comparison between vetch and clover species, results indicated greater N savings for corn following vetch than for corn after clover, unless clover was inter-seeded in the previous spring allowing for greater N accumulation (Table 3) .
Inter-seeding red clover in wheat or corn can result in greater N accumulation than for red clover seeded after corn or soybean harvest. For example, in a Pennsylvania study by Dou and Fox (1994) the N accumulation of inter-seeded red clover was 144 kg N ha -1 for a no-till field and 155 kg N ha -1 for a conventionally tilled field, compared to 103 and 149 kg N ha -1 for a conventionally tilled and a no-tilled field with hairy vetch seeded after wheat harvest, respectively (Table 3) .
Clover species will vary in their NFRV for corn as well. The NFRV of red clover reported in the literature ranged from 29 to 235 kg N ha -1 vs. 78 kg N ha -1 for crimson clover in one study in Ontario, Canada (Table 3 ). The NFRV of clovers that have been less studied were 56 to 112 kg N ha -1 for yellow sweet clover (Melilotus officinalis L. Pall) in a study in New York (Scott et al., 1987) , and 10 to 77 kg N ha -1 for a sweet clover study in Wisconsin (Stute and Posner, 1995b) . Dou et al. (1995) found patterns for red clover mineralization and soil N dynamics similar to those observed for hairy vetch, but with lower N peaks. Mineralization took place rapidly; soil nitrate N contents (0-25-cm depth) following incorporation or kill of clover started to increase 2 wk after termination of the WCC, and peaked at about 45 mg N kg -1 around mid-June, 4 wk after termination, followed by rapid decline to an average of 6 mg kg -1 for the rest of the season. Similarly, Ebelhar et al. (1984) reported that the timing of N release from crimson clover in Kentucky was not significantly different from that observed for hairy vetch but that the peak was about 20 mg N kg -1 for clover vs. 35 to 40 mg N kg -1 for hairy vetch.
cereal grains/grasses
As mentioned before, dairy farmers are often interested in using cover crops as a catch crop for fall-applied manure (Long et al., 2013a) . Cereal rye is known to be one of the most coldtolerant, adapted, and productive options for WCC in temperate regions (Dabney et al., 2001) and it is thus not surprising that cereal rye is the most commonly planted winter-hardy cover crop on dairy farms in the survey conducted in New York (Long et al., 2013a ). Yet, many corn producers are reluctant to use cereal rye as a WCC because of concerns about vigorous growth in the spring and potential for reduced corn yields after termination of the cereal rye stand.
Explanations vary for the negative effects of cereal rye on a succeeding corn crop. Raimbault and Tollenaar (1990) attribute the 11 and 17% lower biomass yield of corn planted soon after a cereal rye cover crop in the two locations of their study to the possible presence of phytotoxic compounds exuded by the roots, as removal or retention of the cereal rye residue had no consistent effect on yield. Tillage treatment did not impact the results in their study. They recommended harvesting or termination of cereal rye early and cultivation followed by a 2-to 3-wk fallow period before planting corn to overcome any allelopathic effects of the cereal rye. However, corn producers in the Northeast are reluctant to wait this long due to concerns about yield reductions of corn with a delayed planting date (Long et al., 2013a) .
Nitrogen immobilization was identified as the primary mechanism through which a cereal rye WCC may negatively affect corn yield in other studies (Doran and Smith, 1991; Andraski and Bundy, 2005; Duiker and Curran, 2005) . Earlyseason N release from winter cover crops depends mainly on microbial mineralization/immobilization of C and N which is influenced by the C/N ratio of the residue, its quantity and degree of incorporation in the soil, and soil temperature and moisture regimes (Doran and Smith, 1991) . Scott et al. (1987) reported reduced available-N for the subsequent corn crop when cereal rye was terminated at corn planting or within a week before corn planting in studies conducted in New York between 1980 and 1995. However, it is possible that early N deficiencies can be overcome by earlier cover-crop termination or a delay in corn planting date. For example, Duiker and Curran (2005) reported that cereal rye had either no effect or a positive effect on corn yield when corn was planted 7 to 10 d after the cereal rye was terminated. Similarly, Doran and Smith (1991) concluded in their review of the role of cover crops in N cycling that, depending on soil conditions, it may take 1 to 3 wk after cover-crop incorporation before N release exceeds N immobilization. Thus, delaying planting until 2 to 3 wk after cover-crop kill or incorporation might reduce the risk of a negative impact on corn yield associated with a cereal rye cover crop. Such a delay in planting can impact corn yield and quality in the short and unpredictable weather in the Northeast and this delay is a main reason farmers often terminate cereal rye early, resulting in reduced soil health and environmental (N uptake) benefits of the cover crops.
If we discount allelopathy and attribute the negative impact of rye cover crops to availability of N needed for the following corn crop, N fertilizer addition at planting should overcome such negative effects. No other studies were found on allelopathy in northern climates, but Crandall et al. (2005) concluded in studies in Illinois that the date of cereal rye kill only reduced corn yield if no additional N was added while Miguez and Bollero (2006) showed that the addition of 180 kg N ha -1 overcame all negative impact of the cereal rye. Long et al. (2013b) reported no difference in corn silage yield when a triticale, double-cropped and harvested for forage in May, was included in the rotation for an N-rich field with recent manure history in western New York. Thus, for dairy producers with access to manure, cereal rye and other overwintering winter grains such as winter wheat and triticale can be good options.
Biculture: legume-cereal grain Mixtures
Winter cover crops of legume-cereal mixtures such as hairy vetch and rye seeded together have been observed to give intermediate results to those observed for pure stands of either legumes or cereal cover crops (Table 3) . However, as Miguez and Bollero (2005) state in their review, the literature on legume-grass mixtures is scant and additional studies are needed to identify management practices that enhance positive effects and minimize the negative effects of the mixture on corn yields. Although legumes are recognized as important in situations where there is a deficiency in N, such mixtures are of limited interest in corn systems on dairy farms in the Northeast, reflecting the small growing window in the fall for a cover crop seeded after silage harvest, and the availability and frequent use of manure to manage corn rotations.
winter coVer croPs as forage coMModitY croP A 2009 to 2011 survey of farmers with experience growing WCCs in New York showed that an average of 19% of the total cropland and 48% of the total corn acreage on their farms were in cover crops with cereal rye as the most commonly used WCC (Long et al., 2013a) . Most of the farmers who had started to use WCCs in corn rotations continued to do so after the first year of experimentation, identifying soil conservation, improvement in organic matter content, and benefits for manure management as the top three reasons for seeding WCCs (Long et al., 2013a) . The survey showed both the potential for expansion of hectares in cover crops and the potential for successful use of winter cereals like cereal rye and triticale as commodity cover crops, harvested for forage in May, before planting of the next corn crop.
A more recent survey among 30 New York dairy farmers who implemented a winter cereal and corn rotation and harvested winter cereals for forage in 2013 , showed farmer interest in exploring ways to increase annual total DM production with inclusion of winter cereal rye or triticale to be harvested as a forage commodity cover crop. A corn rotation that includes such a forage commodity cover crop has the potential to reduce soil erosion, capture residual N, and provide high quality forage. For example, yield assessments of 19 cereal rye and 44 triticale fields in 2011 to 2013 in New York, fertilized with urea at dormancy break in the spring, showed an average yield of 3.6 Mg dry matter (DM) ha -1 for cereal rye harvested at flag leaf stage in May (ranging from an average low of 2.2 to a high yield of 5.4 Mg DM ha -1 ) and 4.9 Mg DM ha -1 for triticale (ranging from 2.4-7.8 Mg DM ha -1 ) . Fouli et al. (2012) measured 6.0 to 7.1 Mg DM ha -1 cereal rye silage yields without a negative impact on corn silage yields in southern Pennsylvania, leading to a 17 to 51% yield increase in DM production compared to continuous corn silage production. Full-season forage yields can be increased up to 27 to 37% in New York, assuming state average corn silage yields in 2012 of 13.3 Mg DM ha -1 and no impact of inclusion of the double crop on corn yield . Similar estimates of DM forage yield increases were reported for rotations that included corn and winter cereals harvested at boot and soft dough stage in organic cropping systems in Maine and Vermont (Jemison et al., 2012) , and results obtained with triticale as a commodity cover crop on a dairy farm in western New York (Long et al., 2013b) . Jemison et al. (2012) pointed to the need to select shorterseason corn hybrids in Maine and Vermont to attain more than 30% DM at harvest and allow for timely fall planting of triticale or cereal rye. The New York dairy farmers surveyed after harvest of winter cereals for forage in 2013 also recognized the potential for a delay in planting of the succeeding corn crop after commodity cover crop harvest; the farmers who completed the survey identified the impact of the winter forage crop on corn hybrid selection and yield as a high priority for future research .
Assuming an average of 24 mg N kg -1 for triticale fresh forage (Dairy One, 2014) and an average DM yield of 4.9 Mg ha -1 based on , estimated N removal by triticale grown as a winter forage cover crop in New York amounted to about 120 kg N ha -1 . This N removal estimate is considerably higher than the average N rate of 74 kg N ha -1 applied at dormancy break of the winter cereal by New York farmers . Thus, the inclusion of a WCC as a forage crop can reduce the need for extra feed imports, reduce N losses as compared to rotations where soil is left bare, and improve both field and whole-farm nutrient management.
Grazing of cover crops is recognized as a potential option for farmers, although limited in scope in the Northeast. Many of the dairies in the region are confined animal systems and the fall season is typically not conducive to grazing due to (i) limited fall growth of cover crops when seeded after corn silage as discussed before, (ii) typically wet soil (compaction and animal health issues) in the fall, and (iii) the early onset of winter (first killing frost typically takes place in mid-October).
It is evident from the literature that cover crop management (with or without harvest of the cover crop) will impact N cycling, but harvest of a cover crop (either through grazing or mechanical harvest) might not always result in yield differences for the following corn crop. For example, Andraski and Bundy (2005) noted no corn grain yield differences between cereal rye cover crop treatments with and without top growth removed and concluded that the beneficial effect of the cereal rye cover crop is mainly associated with the presence of the cover crop in the crop sequence rather than with the actual amount of top growth.
A benefit of seeding winter-hardy, nutritionally rich cereals is that the crop can be managed based on farmer needs; the farmer can opt to terminate the stand as a cover crop, or to harvest it as a high-quality forage, fiber-source forage, or bedding. A decision about harvest can be made after dormancy break, when a visual assessment of winter survival can be done, allowing for flexibility based on (i) the potential to supply sufficient additional forage, (ii) logistics and weather conditions in early spring, and (iii) herd nutritional needs and economic drivers (greater percentage of homegrown forage benefiting overall farm economics).
future research needs
In a 2009 to 2011 survey, more than 50% of corn hectarage represented by the dairy farmers in the survey remained bare after silage harvest (Long et al., 2013a) . Timing and costs were raised as barriers for adoption by farmers who had not seeded cover crops, while lack of time and delay in corn planting were mentioned as the reasons why one in seven of the farmers who had started to use cover crops decided to discontinue the practice (Long et al., 2013a) . If the main objective with cover crop inclusion is to reduce erosion between corn silage harvest and planting of the next primary crop, herbicide management programs can be adjusted to serve the dual purpose of weed control during the corn growing season followed by ground coverage with a weed during the non-growing season. For example, Gift et al. (2008) suggested that glufosinate could be considered in corn-alfalfa rotations with moderate quackgrass [Elytrigia repens (L.) Nevski] infestations, citing that quackgrass is nutritionally comparable to other grass forage crops, and that a ground coverage of 30% can be obtained. Given the timing and cost challenges identified by the farmers and the weather extremes in the Northeast in recent years, further research on use of weed control to address ground coverage in the non-corn season is warranted. It should be recognized that weed pressure is often patchy and such patchiness should be taken into account when assessing the effectiveness of weeds for ground coverage and erosion control.
It is clear from this review that the literature on the impact of crop management decisions and growing conditions on NFRVs of WCC in northern climates is scant. In addition, advances in quantification of the NFRVs of WCCs under various field conditions are hindered by inconsistencies in reporting of field histories (e.g., crop rotations, manure use), timing of WCC seedings, above-and belowground biomass, and termination dates in relation to corn planting, and weather conditions. We therefore recommend that in future research on NFRVs of WCC, current and past field management decisions (e.g., method and timing of WCC seeding and termination dates, crop rotation, time between WCC termination and corn planting, biomass accumulation) and environmental conditions (daily temperatures and precipitation, soil types, initial soil fertility levels, etc.) be reported.
suMMarY and conclusions
Winter cover crops most often considered for corn rotations in the northeastern United States include various vetch and clover species, wheat, cereal rye, and triticale. If legumes are inter-seeded into or established directly following small grain harvest, or inter-seeded into standing corn or soybean in late spring, fall N accumulation can be substantial. However, if seeded after corn silage harvest, legume N accumulation in the fall is considerably lower than for cereal grains and grasses. Thus, cereal grains such as winter wheat, cereal rye, or triticale are recommended if cover crops are seeded after corn silage harvest to capture residual N from the soil profile. Most studies that include a direct comparison between vetch and clover species indicated greater N contribution to corn from vetch than from clover. The NFRVs of cereal grains tended to be considerably lower than for legumes, and cereal rye even showed insignificant or negative NFRVs, most likely due to N immobilization on termination of high C/N ratio cover crops. The immobilization of N following termination of a cereal rye cover crop could be overcome by (i) delaying corn planting until 2 to 3 wk after cover crop termination and/or (ii) addition of fertilizer N or manure directly following cover crop termination/turnover. Yield assessments of winter cereals seeded after corn silage harvest in the fall and harvested as a forage commodity cover crop in May, before seeding of the next corn crop, show the potential for >20% full-season DM yield increase, although in northern climates, a corn-winter cereal-corn rotation will, in most years, require shifting to a shorter-day corn hybrid. Practices in New York show such a double crop rotation can benefit full-season and whole-farm N management as well.
Future research reports on the impact of cover crop inclusion into corn silage rotations should include current and past field management decisions (e.g., method and timing of WCC seeding and termination dates, crop rotation, time between WCC termination and corn planting, biomass accumulation) and environmental conditions (daily temperatures and precipitation, soil types, initial soil fertility levels, etc.) to enable advances in quantification of the NFRVs of WCCs under various field conditions. Dairy farmers in the Northeast recognize the benefits of using cover crops in corn silage rotations but also face challenges given short and increasingly unpredictable fall and spring seasons. The literature and farmer practice (survey results) both show potential for expanding the land-based in cover crops in the Northeast, but also identify the need for future research and better documentation of field histories (e.g., crop rotations, manure use), timing of WCC seedings, above-and belowground biomass, termination dates in relation to corn planting, and weather conditions.
